A recent study by the NASA Glenn Research Center assessed the feasibility of using photovoltaics (PV) to power spacecraft for outer planetary, deep space missions. While the majority of spacecraft have relied on photovoltaics for primary power, the drastic reduction in solar intensity as the spacecraft moves farther from the sun has either limited the power available (severely curtailing scientific operations) or necessitated the use of nuclear systems. A desire by NASA and the scientific community to explore various bodies in the outer solar system and conduct "long-term" operations using smaller, "lower-cost" spacecraft has renewed interest in exploring the feasibility of using photovoltaics for missions to Jupiter, Saturn and beyond. With recent advances in solar cell performance and continuing development in lightweight, high power solar array technology, the study determined that photovoltaics is indeed a viable option for many of these missions.
STUDY BACKGROUND
In 2007, the National Aeronautics and Space Administration's (NASA) Science Mission Directorate requested that the NASA Glenn Research Center (GRC) conduct a study to evaluate the viability of photovoltaic powered spacecraft in exploring the outer reaches of the solar system. Due to the limited amount of solar power available at these solar distances, the earliest missions to the outer planets used radioisotope thermoelectric generators (RTG) to power the spacecraft. Steady progress in the performance of solar cell and array technology has fueled a desire by mission planners to push the use of photovoltaic technology beyond that "traditionally" envisioned and to quantitatively explore its near-term and future capabilities. Figure 1 pictorially summarizes current/planned space missions that rely on solar arrays at distances considerably farther than previously attempted. The European Space Agency's (ESA) Rosetta mission was launched in March of 2004. It's PV array will provide 400 W end-of-life (EOl) power at a solar distance of 5.25 Astronomical Units (AU). The beginning of life (BOl) power of the array at earth (1 AU) 978-1-4244-1641-7/08/$25.00 ©2008IEEE is 7.1 kW. It uses silicon cell technology that has been modified to improve long-term performance while operating under the mission's deep space conditions. [1] NASA's Dawn mission was launched in September of 2007 and will travel to a distance of 3 AU. The planar solar array is designed to provide 1.3 kW of operational power at that distance (equivalent to 10.3 kW at 1 AU). The array uses gallium arsenide-based multijunction (MJ) solar cells. [2] NASA's Juno mission is currently in the planning stages. This Jupiter-orbiting mission will have an array capable of supplying 425 W EOl at 5.5 AU using the latest MJ cell technology available. It will be the first mission to Jupiter powered by solar arrays. They will demonstrate the use of photovoltaic technology at solar distances much farther than previously thought practical.
The NASA GRC study addressed three key areas in assessing the viability of "pushing" photovoltaic technology beyond the three missions mentioned above. Initially, state-of-the-art (SOA) and near-term solar cell technologies were investigated for operation under expected deep space environmental conditions (Le. varying levels of low light intensity and temperature). Cell performance under such Low Intensity Low Temperature (LILT) operational conditions varies considerably and must be thoroughly evaluated to ensure long-term, reliable operation. Under this study, measurements were made on a variety of available cells and used to generate performance curves. These curves provided estimates of available power under given mission scenarios.
In addition to an evaluation of cell technology, high power, lightweight solar array designs were also examined. Given the dramatic reduction in solar intensity and the expected operational power requirements for these missions, very large, lightweight, and stowable array designs are necessary. The cell and array performance predictions were then used to conduct power system sizing studies for a number of potential missions of interest to NASA.
Since not all cells exhibited this LILT fill factor degradation effect, it appears that the loss is not inherent to the MJ cell design. Initial speculation tends to point to variability during the cell growth process. While such variations are not important under nominal AMO, one sun operation, they appear to be critical to performance under the very demanding conditions of LILT operation. One possible option to minimize the issue is to employ "cell screening" to eliminate problematic cells and ensure that the operational performance of the cells is matched appropriately.
The lack of an observed method of identifying any problems under nominal standard measurement conditions could substantially complicate the screening process, especially if a large number of cells are needed to provide the power levels required for these missions. Undoubtedly, this is a important issue. Whether improved process control or a modification to the cell design is required, or cell screening provides an adequate, cost effective solution, requires further study. The graph shows performance as a function of temperature for three different solar intensities. A mean solar distance of 1 AU corresponds to solar intensity at Earth, with 5.6 AU and 22.1 AU corresponding to approximate solar intensities at Jupiter and Uranus respectively. As intensity decreases, cell efficiency decreases, however this performance drop tends to be compensated by the decrease in cell operating temperature as the spacecraft moves farther from the sun. As newer, higher efficiency MJ cell technology enters the market, NASA GRC plans to refine the data in Figure 2 to reflect these improvements.
SOLAR CELL TECHNOLOGY ASSESSMENT
During this investigation, multijunction gallium arsenide solar cells were measured in the NASA GRC solar cell measurement and calibration facility under different LILT conditions.
A variety of cells were measured, representing different cell types and vendors. The cells used in the testing were devices readily available and were not specifically designed for LILT operation. They were not prescreened and represented SOA production-level cells. In many cases, some degree of LILT-induced fill factor loss was observed. The fill factor loss varied greatly in magnitude and in the observed onset of the effect. There appeared to be no consistent trend by cell type, manufacturing run or vendor. Another important observation was that the fill factor loss could not be predicted from nominal 25C, AMO performance measurements. Further details on the specifics of the testing and additional analysis of the findings can be found in a paper by Scheiman and Snyder presented at this conference. [7] A key issue related to the use of solar cells under deep-space conditions is the long-term operational performance of those cells in a LILT environment. Numerous studies have documented the effects. [3] [4] [5] [6] While diminished light levels decrease the efficiency of a solar cell, the associated drop in operational temperature balances the effect with improved performance at lower temperatures. These two competing effects are further complicated by an additional loss mechanism in the fill factor of the cell. The phenomenon was previously observed in silicon.
Modifications to the silicon cell structure were developed to reduce/eliminate the effect; however this "flattening" of the current-voltage (IV) curve has also been observed in SOA high efficiency multijunction solar cells. The occurrence and magnitude of this effect varies greatly and complicates the issue of cell selection for LILT-type missions. These unique, new designs have led to improvements in lower array mass, smaller stowed volume, increased radiation resistance, higher operating voltages, and large, high-power array concepts. Such improvements are critical to enabling the viability of photovoltaic technology to power deep space missions where extremely low light levels require very large arrays for even minimal spacecraft power requirements. 
TemperatureC·CI
Under this study, two array concepts (one planar and one concentrator) were used to represent advanced array designs capable of meeting the needs for these deep space missions. The selection of these array concepts does not necessarily indicate a preferred or optimized design for these missions. Their use in this study merely represents two classes of advanced solar array designs that offer the potential to meet the performance metrics required by NASA missions and also exhibits a level of "near-term" technical maturity (at least at smaller power levels) that provides relatively accurate estimates of size and mass. with relative ease. The array achieves it's structural stiffness from it's three-dimensional shape when in a fully-deployed configuration.
The UltraFlex design has been fully tested at small power levels and is currently flying on NASA's Mars lander Phoenix mission.
Larger, higher power versions are currently under development and test for NASA's ST-8 New Millennium Program [8] . Figure 3 shows a picture of prototype hardware built for a 5.5 meter diameter wing. UltraFlex is currently base-lined for NASA's Crew Exploration Vehicle (CEV) Orion Program.
978-1-4244-1641-7/08/$25.00 ©2008IEEE Solar concentration offers a number of benefits for space photovoltaic systems, such as higher cell efficiency, reduced cell area, radiation hardness, improved protection from the space environment, etc.
Concentrator arrays are particularly attractive for deep space missions where the issues of operating PV cells under a very low solar intensity can be mitigated. With concentration, detrimental LILT effects can be eliminated or minimized by proper selection of the concentration ratio and the resultant cell operating temperature. Figure 4 illustrates that a 50/0 improvement in cell efficiency (absolute) can be achieved through the use of an 8X concentrator at Saturn. However, concentrator systems require accurate solar pointing to maintain power production from the array. In addition, other issues such as environmental survivability of the concentrator elements, contamination, concen trator/ceil alignment, increased mechanical and operational complexity, etc. must be considered.
In this study, the Stretched Lens Array (SLA) concentrator design was used to represent the potential benefits of PV concentrator systems for missions to the outer solar system. SLA is a line-focus concentrator that provides a moderate solar concentration (8X at 1 AU) at a solar pointing requirement of ± 2 degrees. The concen trator element is an arched Fresnel lens with a high optical efficiency and good shape error tolerance. It is lightweight and flexible, providing for compact stowage and ease of deployment. SLA provides excellent protection in high radiation environments with minimal weight impact. The cell receiver unit has demonstrated high voltage capability (>500 volts) with minimal space environmental interactions. An earlier version of the SLA concentrator (SCARLET) was demonstrated and flown on NASA's Deep Space 1 mission. The array performed flawlessly over the 3 year mission, proving the overall performance and reliability of this concept. SLA can be combined with ATK's SquareRigger array/deployment concept to provide a lightweight, very high-power system. [9] Component hardware of the Stretched Lens Array Square Rigger (SLASR) concept has been fabricated and tested. Figure  5 shows a photograph of one SLASR "bay". A high-power SLASR array would consist of multiple bays that deploy in a coordinated manner. System integration issues are critical when considering the use of photovoltaics for deep space missions such as these.
The mass impact on the spacecraft of carrying a large solar array needs to evaluated.
A very large, high-power solar array will typically require additional mass in power conditioning, energy storage, and the array pointing system. Heavier structures and mechanisms may be required. Additional thermal control may be required when compared to a similar nuclear-powered spacecraft (since these designs typically use waste heat from the nuclear system to heat the spacecraft). These impacts typically correspond to reduced available payload mass when compared to nuclear-powered mission designs. Other factors could include volume constraints in packaging the stowed array and limitations on mission operations due to the need to constantly point the array toward the sun. 
MISSION ANALYSES
Using the PV cell and array performance estimates described above, a number of potential outer planetary missions of interest to NASA and the science community were evaluated.
The case studies were chosen to represent various classes of missions and evaluate/ quantify the potential of photovoltaic systems in adequately supporting all goals over the lifetime of the mission.
Flight trajectories, radiation environments, energy storage and mission operations were included in the study. Chemical propulsion was used as the primary mode of spacecraft transport (the advantages of solar electric propulsion were not considered under this study). While these case studies provide an initial estimate of power system performance for these various missions, many mission-specific details were beyond the scope of this study. A number of technical, space environmental and operational issues require further analysis before the viability of these approaches can be fully assessed. Among the areas that should be studied further, solar electric propulsion has the potential to offer enormous system and mission level benefits.
978-1-4244-1641-7/08/$25.00 ©2008IEEE CONCLUSIONS Despite the many issues associated with the use of photovoltaics to power deep space missions, it appears that solar arrays may indeed be a viable option for a number of NASA missions. The NASA GRC study has identified some low power missions (200-300 watts) where near-term solar array designs and SOA multi-junction solar cell technology can provide the capability to perform these missions. The feasibility of PV use critically depends on the specifics of the mission and the spacecraft concept. Even though a PV system may not optimize well in terms of mass, size or payload capability when compared to a nuclear-powered system, it still provides an additional design option for many NASA missions when other issues may be the determining factor. This study concluded that significant improvements in solar cell and array technology have definitely advanced the viability of photovoltaic use much farther into the solar system than previously thought possible.
Further investigation into LILT effects on solar cells is required, as well as work on large, high-power solar arrays. Clear technology development paths exist to enhance PV applications in support of these missions. Figure 7 summarizes the benefits of technology development in both the solar cell and array areas, quantifying those benefits for a mission to Saturn.
It illustrates that substantial benefits of a balanced development approach.
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